Recent work has highlighted the need to account for hierarchical patterns of genetic structure when estimating evolutionary and ecological parameters of interest. This caution is particularly relevant to studies of riverine organisms, where hierarchical structure appears to be commonplace. Here, we indirectly estimate dispersal distance in a hierarchically structured freshwater fish, Mogurnda adspersa. Microsatellite and mitochondrial DNA (mtDNA) data were obtained for 443 individuals across 27 sites separated by an average of 1.3 km within creeks of southeastern Queensland, Australia. Significant genetic structure was found among sites (mtDNA Φ ST = 0.508; microsatellite F ST = 0.225, F′ ST = 0.340). Various clustering methods produced congruent patterns of hierarchical structure reflecting stream architecture. Partial mantel tests identified contiguous sets of sample sites where isolation by distance (IBD) explained F ST variation without significant contribution of hierarchical structure. Analysis of mean natal dispersal distance (σ) within sets of IBD-linked sample sites suggested most dispersal occurs over less than 1 km, and the average effective density (D e ) was estimated at 11.5 individuals km −1 ; indicating sedentary behavior and small effective population size are responsible for the remarkable patterns of genetic structure observed. Our results demonstrate that Rousset's regression-based method is applicable to estimating the scale of dispersal in riverine organisms and that identifying contiguous populations that satisfy the assumptions of this model is achievable with genetic clustering methods and partial correlations.
Discrimination among processes that shape genetic structure of populations is an active area of research in molecular ecology (e.g., Schwartz and McKelvey 2009; Wang et al. 2013) . Patterns of genetic subdivision within populations may vary depending on the spatial scale of observation, so a significant challenge is to combine a sampling regime and analytical approach appropriate to the biological phenomenon of interest (Castric and Bernatchez 2003; Schwartz and McKelvey 2009) . For example, the regression-based method by Rousset (1997 Rousset ( , 2000 uses a linear relationship between genetic and spatial variation to infer an average dispersal distance that is relevant to the local sampling area (Leblois et al. 2004; Selkoe and Toonen 2011) . However, a linear relationship between genetic and spatial variation may exist due to processes beyond the assumptions of this model such as hierarchical structure; where populations are clustered in a geographical fashion leading to spatial autocorrelation (Meirmans 2012b) . So for reliable estimation of demographic parameters, it is necessary to verify whether hierarchical structure contributes a bias to the isolation-by-distance (IBD) relationship. Hierarchical structure may represent less of a problem for dispersal estimation in organisms that occupy continuous and/or unstructured habitats (e.g., Puebla et al. 2012) . On the other hand, obligate freshwater organisms are well known to exhibit hierarchical genetic structure induced by the dendritic nature of stream habitats and susceptibility to barriers Mullen et al. 2010) . Separating the potential confounding influence that IBD and hierarchical structure have on one another is therefore an important (but often neglected) aspect of understanding fine-scale genetic structuring in freshwater organisms, particularly where IBD might be utilized to estimate dispersal distance. Indeed, there is increasing awareness of the impact that riverine habitat structure has on estimating important evolutionary and ecological quantities such as loci under selection (Fourcade et al. 2013 ) and predicting range shifts in response to climate change (Hein et al. 2011 ). The present study examines fine-scale genetic structuring of a freshwater fish, Mogurnda adspersa, known to exhibit hierarchical population subdivision at relatively large "between-creek" spatial scales (Hughes et al. 2012) . We employ a sampling design to investigate within-creek structure, separate the effect of hierarchical structure from that of IBD, and estimate the spatial scale of dispersal.
Spatial patterns of genetic variation can provide an estimate of natal dispersal, which is the average distance travelled by juveniles from birthplace to breeding site (Broquet and Petit 2009) . Under the theory of IBD, the genetic distance between individuals will increase as the geographic distance between them increases (Rousset 1997 (Rousset , 2000 . The spatial scale over which an IBD pattern develops is proportional to the scale of gene flow, and this relationship may be used to infer the geographic distance travelled by genes from one generation to the next (Rousset 1997) . When sampled over small spatial scales, IBD patterns are driven by both effective population density and dispersal over the past few generations; so with some knowledge of effective density (D e ), it is possible to infer natal dispersal distance (or the mean parent-offspring dispersal distance, σ) from the IBD regression slope (Rousset 1997; Watts et al. 2007 ). Although direct demographic and indirect genetic methods of dispersal estimation have sometimes produced dissimilar results (Broquet and Petit 2009 ), the regression-based genetic method of Rousset (1997 Rousset ( , 2000 has, thus, far proved quite robust (e.g., Watts et al. 2007) , and recent studies using this analysis have demonstrated the value of individual-level genetic data to infer dispersal where direct data are lacking (Buonaccorsi et al. 2004; Pinsky et al. 2010; Selonen et al. 2010; Puebla et al. 2012) .
Meaningful estimates of dispersal require geographic sampling that is appropriate to the scale at which dispersal occurs for a given species (Campbell Grant et al. 2007; Lowe and Allendorf 2010) . This is especially important for freshwater organisms where the scale of population subdivision may be highly variable depending on species life history (Koizumi 2011) . A rule of thumb recommended by Broquet and Petit (2009) is that the larger the sampling scale relative to the dispersal ability of the focal species the less useful estimates obtained from molecular data will be as indicators of demographic phenomena. The reason for this is that the larger the sampling scale the greater the probability that mutation, selection, and demographic variation influence genetic variance relative to drift-migration balance (Whitlock and McCauley 1999; Lowe and Allendorf 2010) . Precise estimates of dispersal using indirect methods, therefore, require sampling many individuals from a range of distances across an area that is several times larger than dispersal distance but not so large that the relationship between dispersal and drift-migration balance is obscured by other factors (Rousset 2000; Watts et al. 2007; Broquet and Petit 2009) .
The purple-spotted gudgeon, M. adspersa (Castelnau) is an obligate freshwater fish belonging to the family Eleotridae that is endemic to Australia (Pusey et al. 2004 ). It has a wide distribution, spanning ~2000 km of Australia's east coast and the inland Murray-Darling Basin (Pusey et al. 2004) . Phylogenetic treatment of M. adspersa suggests the currently recognized species may consist of 2 species-level taxa with north/south distributions separated by the "Burdekin gap" biogeographic barrier in central Queensland (Adams et al. 2013) . At a regional scale, phylogeographic studies of M. adspersa found evidence for high levels of mitochondrial DNA (mtDNA) differentiation between populations within and between river basins, suggesting restricted dispersal between catchments (Hurwood and Hughes 1998; Faulks et al. 2008 ) . A recent study using mtDNA and microsatellites over smaller "between-creek" scales showed that contemporary gene flow was spatially restricted and only detectable between proximate sampling sites within drainage systems (Hughes et al. 2012) . Information on dispersal of M. adspersa at "within-creek" scales is limited to a mark-recapture study by Boxall et al. (2002) , who noted that frequent movements occur between adjacent pools, but no individual was recorded as having crossed the full length of their 1-km study area. Given the high level of genetic structure observed by Hughes et al. (2012) , it appears that the geographic scale of sampling in that study was too large to make reliable inferences about the scale of contemporary dispersal in this species. Stream distance between sample sites ranged from ~10 km to ~100 km and multiple sites within connected stream sections were poorly represented (Hughes et al. 2012) . A more fine-scale geographic sampling approach is required to estimate the scale of natal dispersal in M. adspersa and to refine the limits to population structure in this species.
The present study was designed to examine the spatial scale of dispersal of M. adspersa within 3 creeks of the Brisbane River catchment in South East Queensland. This population is ~1000 km south of the M. adspersa population studied by Hughes et al. (2012) and corresponds to the putative "southern" M. adspersa taxon of Adams et al. (2013) . Our aims were first to identify how much of the creek system could be classified as one "population," where a population was defined as the largest group of spatially contiguous individuals (or subsets of them) that were genetically homogenous and could be statistically distinguished from other such groups using clustering methods (modified from Waples and Gaggiotti 2006) . Second, we determined the scale at which hierarchical structuring could be distinguished from IBD within the study area. Third, the regression-based method of Rousset (1997 Rousset ( , 2000 was used to infer the scale of natal dispersal within groups of IBD-linked subpopulations.
Methods

Study Species
Based on Pusey et al. (2004) , M. adspersa grows to an average length of around 70 mm, reaches sexual maturity at 6 months, and is believed to live for more than 3 years in the wild. Mogurnda adspersa inhabits a wide variety of lotic and lentic habitats but shows clear preferences for small creeks, exhibiting a lower gradient and an open riparian canopy. Individuals are prevalent on fine substrates, which may be linked to a preference for slow flowing or still creeks/streams. Mogurnda adspersa is consistently found in the presence of submerged cover (e.g., aquatic plants, root masses, sunken timber, rocks, undercut banks) where it finds shelter. The species can also tolerate a wide range of physicochemical conditions, including low levels of dissolved oxygen, a relatively wide pH range, relatively high levels of salinity, and a relatively broad range of temperatures.
Sample Collection
Sampling was conducted at a total of 27 sites within 3 creeks in the Brisbane River catchment, South East Queensland, Australia, between February and April 2011. Ten sites were located in Moggill Creek, 6 sites were located in the closely connected Gap Creek, and 11 sites were located in the more distantly connected Oxley Creek (Figure 1 ; Table 1 ). Within creeks, the average distance between adjacent sample sites was 1.29 ± 1.24 km (mean, standard deviation). Two methods were used in the capture of fish: dip netting and collapsible traps baited with fruit bread and yeast extract. A fin clip was taken from the caudal fin before immediate release at the site of capture. Tissue samples were stored in 100% ethanol until further use. The sampling protocol was approved by the Griffith University Animal Ethics Committee under protocol number (ENV/04/11/AEC).
Laboratory Procedures
DNA was extracted from tissue samples using a salting-out method (Aljanabi and Martinez 1997) . A 950-bp fragment of mtDNA spanning adenosine triphosphate synthase subunits 8 and 6 was amplified in a polymerase chain reaction (PCR) using the primers and protocol described by Woods et al. (2010) . The PCR product was purified enzymatically and sequenced using BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems). Sequencing was performed by the Griffith University DNA Sequencing Facility on an Applied Biosystems 3130xl Genetic Analyzer (Applied Biosystems). All sequences were aligned and edited using Sequencher v4.9 (Gene Codes), and representative haplotype sequences were deposited in GenBank (accession numbers KC171620-KC171626; Supplementary Table S1). Twelve polymorphic microsatellite loci developed from M. adspersa were screened following procedures of Real et al. (2009) , and fragment analysis was performed on an ABI 3130 Genetic Analyzer (Applied Biosystems). After elimination of loci that were either not polymorphic or produced consistent deviations from Hardy-Weinberg equilibrium (HWE), 8 loci were retained for analysis: 2MOG3, 2MOG8, 2MOG10, 2MOG4, 4MOG2, 4MOG3, 2MOG9, and 3MOG3 (Real et al. 2009 ). Genotypes were scored using GeneMapper v4.0 (Applied Biosystems).
Analysis of Genetic Structure
Identification of microsatellite genotyping errors due to null alleles, stutter peaks, and large allele drop out were assessed using Micro-Checker (Van Oosterhout et al. 2004) . Microsatellite diversity of subpopulations was assessed by estimating expected heterozygosity (H E ) using Arlequin v3.5.1.2 (Excoffier and Lischer 2010) . Tests for deviation from HWE for each locus-population combination were carried out using exact tests implemented in Arlequin. Mitochondrial DNA diversity was measured by calculating haplotype diversity for each subpopulation. Genealogical relationships of sampled mtDNA haplotypes were estimated using statistical parsimony in TCS v1.21 (Clement et al. 2000) .
Genetic structure was quantified by estimating pairwise and global F ST values in Arlequin for both the microsatellite and mtDNA data sets. These were tested for significant deviation from panmictic expectations by 10 000 permutations of individuals among populations. For the microsatellite data set, a standardized value for F ST was calculated by expressing F ST as a proportion of the maximum value (F STmax ) that could be obtained, F′ ST = F ST /F STmax (Meirmans and Hedrick 2011) . The required estimate of F STmax was made indirectly by recoding the data file using RecodeData (Meirmans 2006) , followed by processing in Arlequin. Estimates of genetic structure were performed on 22 subpopulation samples that had sample size ≥6 (microsatellites; Table 1 ) and ≥3 (mtDNA; Table 1 ).
Clustering methods were used to determine the spatial extent of genetically differentiated populations within the study area. A Bayesian mixture model implemented in BAPS v5.4 (Corander et al. 2008 ) was used to estimate the number of genetically divergent groups of subpopulations (k) in the microsatellite data set. BAPS treats k as an unknown parameter and uses a stochastic optimization algorithm to estimate the posterior mode of k by modeling the underlying population allele frequencies assuming HWE and nonlinkage of markers (Corander et al. 2003) . When testing for subpopulation clusters, we ran 10 replicates for every level of k up to k = 8. Two clustering methods based on analysis of molecular variance (AMOVA; Excoffier et al. 1992 ) were used to sort subpopulation samples into an arrangement that maximized variance among groups (F CT ). First, kMeans v1.1 (Meirmans 2012a ) was used to cluster the 22 subpopulation samples into a hierarchical arrangement of k groups that optimized F CT using a simulated annealing algorithm. Selection of optimal k was based on the pseudo-F summary statistic, which down weights the fraction of total variance explained in the model by the number of clusters (Meirmans 2012a) . All values of k from k = 2 to k = 8 were evaluated for the microsatellite data set using this method. The second AMOVA-based clustering method used was SAMOVA v1.0 (Dupanloup et al. 2002) . This method also uses simulated annealing to find the maximum F CT for a given value of k but requires information on geographic position of samples and does not include a model selection step to choose the optimum value of k. We ran SAMOVA for values of k from k = 2 to k = 8 for microsatellite and mtDNA data sets and chose the value of k that returned the highest F CT . For each of the above clustering methods (BAPS, kMeans, SAMOVA), we recalculated hierarchical fixation indices (F CT , F SC , F ST ) for the optimal arrangement of subpopulations using AMOVA in Arlequin. Mantel and partial Mantel tests were used to investigate relationships between genetic differentiation of samples, stream distance among samples, and hierarchical groups of samples. Correlations between transformed genetic distance (F ST /[1 − F ST ]) and untransformed stream distance were calculated in Arlequin using 1000 permutations. Arlequin was also used for partial Mantel tests that were used to test for a partial correlation between genetic differentiation and group membership (based on results of clustering analyses), controlling for stream distance among samples. In other words, the partial Mantel test was used to test the hypothesis that hierarchical structure explained a significant amount of genetic variation among groups of samples after accounting for variation explained by IBD. Spatially contiguous sets of samples that returned a nonsignificant result in the partial Mantel test were used for analysis of dispersal distance.
Analysis of Dispersal Distance
To measure the mean parent-offspring dispersal distance (σ), genetic and geographic distances between individuals were calculated using GENEPOP v4.0.10 (Rousset 2008) . To calculate geographic distances between pairs of individuals, each individual was assigned a set of "coordinates," which corresponded to its stream distance (km) from the "most upstream" site, which was given the coordinates "0 0." For the northern (Moggill/Gap) set of samples, site P denoted the endpoint. For the southern (Oxley) set, the endpoint was site W. Genetic differentiation was estimated using the classic â statistic and the more recently developed ê statistic (Watts et al. 2007 ). Both are individual-based regression methods and are analogous to one another. The primary difference between the 2 is that ê gives greater weight to rare alleles in the population when measuring genetic similarity. However, it may also introduce a bias, whereas â provides an asymptotically unbiased estimator (Watts et al. 2007) . For data that are 1D in space, the mean parent-offspring dispersal distance (σ) can be calculated by rearranging the following equation:
, where b is the slope of the regression of pairwise genetic distances between individuals (F ST /1 − F ST ) and the stream distances between them, and D e is the effective density (Rousset 1997; Watts et al. 2007 ). Direct estimates of density (D, i.e., individuals km −1 ) or effective density (D e , i.e., the effective number of individuals, or N e km −1 ) were not obtained in the present study but an independent estimate of D was derived from electrofishing surveys conducted in the Brisbane River catchment (Pusey et al. 2004) . Effective density was estimated indirectly by calculating effective population size (N e ) using microsatellite data, applying a "single-sample" genetic approach and scaling this value by stream distance (dividing N e by the distance over which it was calculated). Indirect estimates of D e have been used in other studies (e.g., Pinsky et al. 2010; Selonen et al. 2010; Puebla et al. 2012 ) . A contemporary estimate of N e based on patterns of individual relatedness, the Sibship method, was obtained using COLONY v2.0 (Wang 2009; Jones and Wang 2010) . Sibship assignment was implemented using the full-likelihood score option in COLONY. Two approaches were used to estimate N e values for groups of samples within river sections (Palstra and Ruzzante 2011) . The first of these involved adding together individual estimates of N e for each subpopulation, ∑N e(s) (Palstra and Ruzzante 2011) . The second involved pooling together genotypes for all individual members of a group and calculating N e on the pooled data set, which was given the term meta-N e(pooled) by Palstra and Ruzzante (2011) .
Results
Mitochondrial sequence data was obtained for 307 individuals (Table 1; Supplementary Table S1 ). The final aligned fragment of 582 bp contained 7 variable sites forming 7 haplotypes ( Figure 1 ). Haplotype diversity per site was low and averaged only 0.19 for sites with n ≥ 10 ( Table 1 ). The spatial distribution of haplotypes was clearly nonrandom as no haplotypes were shared between creeks on the north side of the Brisbane River (Moggill Creek and Gap Creek; Figure 1b ) and Oxley Creek on the southern side ( Figure 1c) . A total of 443 individual microsatellite genotypes were obtained, with sample sizes ranging from 6 to 34 at the 22 sites included in clustering analyses, and a further 5 sites where sample size was lower than 6 (Table 1) . From the 8 microsatellite loci, 47 alleles were identified with the number of alleles per locus ranging from 2 to 17. A total of 11 locus/site combinations diverged significantly (α = 0.05) from Hardy-Weinberg predictions out of a total of 154 possible tests (Supplementary  Table S2 ). When a Bonferroni correction was applied (α = 0.0002), this was reduced to just 2 significant departures from HWE. Global estimates of genetic differentiation among 22 sample sites were high and statistically significant for both data sets (mtDNA Φ ST = 0.508, P ≤ 0.0001; microsatellite F ST = 0.225, P ≤ 0.0001; microsatellite F′ ST = 0.340). The most prominent trend in pairwise comparisons among sites for both mtDNA and microsatellite data sets was significant differentiation between sites in the northern (Moggill Creek and Gap Creek) and southern (Oxley Creek) tributaries (Supplementary Tables S3 and S4 ). Mitochondrial DNA data revealed limited evidence for differentiation within these northern and southern groups, but microsatellites provided more resolution, showing most sites in Moggill Creek were significantly differentiated from those in Gap Creek (Supplementary Table S4 ).
Clustering of the 22 sample sites that contained a sufficient sample size (Table 1) using SAMOVA, kMeans, and BAPS produced complimentary estimates of hierarchical structure as all methods grouped sites from Oxley Creek into a single cluster (Table 2 ). Clustering results produced by different methods differed only in the way northern sites within Moggill Creek and Gap Creek were arranged (Table 2) . SAMOVA did not find structure within the northern creeks using either mtDNA or microsatellite data, as this method returned k = 2, with northern (Moggill Creek and Gap Creek) and southern (Oxley Creek) sites comprising the 2 clusters ( Table 2 ). The kMeans method returned k = 3, in which sites from Moggill Creek and Gap Creek were placed into separate clusters in addition to the third cluster represented by Oxley Creek (Table 2) . BAPS returned k = 4, producing the same grouping pattern as the kMeans analysis except site A was considered a separate cluster ( Table 2 ). The latter result was consistent with pairwise F ST analyses, which showed site A significantly differentiated from all other sites in Moggill Creek and Gap Creek (Supplementary Table S4 ). There was no evidence for hierarchical structure within the set of Oxley Creek sites as each clustering method produced a different nonspatially contiguous pattern (results not shown). However, kMeans and BAPS suggested hierarchical structure was evident within the northern set of 15 sites in Moggill Creek and Gap Creek. Restricting the clustering analyses to these sites recovered the same clustering pattern observed in the analysis of all 22 sites, with kMeans clustering separating Gap Creek and Moggill Creek sites, and BAPS additionally separating site A (Table 2) . SAMOVA returned a value of k = 2 for the set of 15 northern sites, but these groupings were not spatially contiguous for either the microsatellite or the mtDNA data sets (Table 2) .
A significant positive correlation between genetic and geographic distance was found among the 22 sample sites for both mtDNA and microsatellite data sets (Table 3) . Given the consistent pattern of hierarchical structure identified by clustering analyses, a partial Mantel test was used to test whether these groupings explained a significant amount of variation in genetic distance after controlling for stream distance. The hierarchical arrangement of subpopulations identified by kMeans and BAPS using microsatellite data, both produced significant partial correlations after controlling for stream distance (Table 3) . Because a major driver of this hierarchical structure may be the strong division between northern (Moggill, Gap) and southern (Oxley) creeks, we also tested for partial correlations within the 15 northern sample sites (excluding Oxley Creek). Neither of the 2 clustering arrangements found using kMeans and BAPS produced a significant partial correlation for these 15 sample sites (Table 3) . These results indicate that genetic differentiation among the 15 northern sites can be accommodated by an IBD model without significant contribution from hierarchical structure (Figure 2) . Interestingly, the strongest source of hierarchical structure in the data set (k = 2, between northern and southern creeks) did not produce a significant partial correlation (Table 3 ). This was because the 2 groups were simultaneously separated by a relatively large stream distance and a relatively large genetic distance so that hierarchical structure could not be distinguished from IBD. This effect could be illustrated by removing the large intervening stream distance between groups while maintaining the relative distance among all sites within groups, resulting in a highly significant partial correlation (result not shown).
Based on results of the preceding clustering and partial Mantel analyses, mean dispersal distance calculations were conducted separately on the northern (Moggill/Gap) and southern (Oxley) sets of samples. In addition to excluding the 5 sites with small sample sizes (Table 1) individuals was observed within both the northern and southern sample divisions (Table 4 ). The slope (b) of genetic versus stream distance for Moggill Creek/Gap Creek was 0.018 for both the â and ê estimators, and the effective density estimates (D e ) were 6.39 individuals km −1 based on the meta-N e(pooled) approach, or 15.15 individuals km −1 based on the ∑N e(s) approach (Table 4; see Table 1 for per-site N e estimates). These values translate into mean parent-offspring dispersal distances (σ) ranging from 0.95 km to 1.48 km depending on different combinations of slope estimator and D e (Table 4) . Within Oxley Creek, the regression slope was lower and showed more variation between the 2 estimators (b â = 0.010; b ê = 0.001; Table 4 ). Effective density was 2.99 individuals km −1 based on the meta-N e(pooled) approach; or 7.78 individuals km −1 based on the ∑N e(s) approach (Table 4 ; see Table 1 for per-site N e estimates). Estimates of mean parent-offspring dispersal distance (σ) for Oxley Creek ranged from 1.82 km to 8.40 km (Table 4) .
Discussion
Isolation by Distance and Natal Dispersal A significant IBD effect was observed at the level of sites and of individuals within both the Moggill/Gap system and within Oxley Creek. These streams appeared to contain relatively continuous habitat, although they were punctuated by several small potential barriers such as drains and small weir-like structures (mostly less than 60 cm in height). These potential barriers became submerged during periods of flow (Shipham A, personal observation) so are unlikely to represent significant barriers to individual movement. Additionally, M. adspersa may have the ability to navigate these small obstructions considering that individuals are capable of climbing waterfalls up to 2.6 m (Boxall et al. 2002) . Given that small barriers are unlikely to limit movement within these populations, the observed IBD patterns indicate these systems are approaching, or have reached, migration-drift Estimates were calculated separately for the Moggill/Gap system and Oxley Creek system. a Effective population density (D e ) calculated using (meta-N e(pooled) ) approaches.
equilibrium within ~12 km stream distance (Rousset 1997) .
Patterns of IBD at similarly small spatial scales have been observed in several other freshwater fishes (Barson et al. 2009; Tatarenkov et al. 2010; Lamphere and Blum 2012) . In these cases, equilibrium is believed to be promoted by behavioral characteristics that limit dispersal (e.g., natal homing or sedentary behavior) and/or by small effective population sizes that enhance genetic drift. Mogurnda adspersa is not known to exhibit migratory behavior (Pusey et al. 2004 ), so it is reasonable to conclude that sedentary behavior and small effective population size are important contributors to migration-drift balance in this system. An estimate of dispersal distance (σ) requires some knowledge of effective density (D e ), which was determined indirectly in the present study using genetic estimates of effective population size. Our indirect D e estimate was based on either pooling (meta-N e(pooled) ) or summation (∑N e(s) ) of samples. Simulations by Palstra and Ruzzante (2011) demonstrated the summation approach better represents the effective size of a collection of structured subpopulations, and we therefore focus on parameter estimates based on this approach. Some studies make direct estimates of D e for comparison with indirect genetic estimates (e.g., Watts et al. 2007; Selonen et al. 2010) but not always (e.g., Buonaccorsi et al. 2004; Pinsky et al. 2010) . Direct estimates of D e were not made in this study, but a published estimate of census population density for M. adspersa in the Brisbane River catchment based on electrofishing surveys of 0.82 individuals 10m −2 was reported in Pusey et al. (2004) . As this value represents an average across the basin, thereby encompassing all potential habitat, we recognize that direct estimates obtained from the sampled creeks composed of prime habitat may yield higher values. Notwithstanding this caveat, rescaling the direct estimate to a linear value of 259 individuals km −1 and comparing it with our average D e estimate of 11.5 individuals km −1 suggest an N e /N ratio of ~0.04 for M. adspersa, which is similar to ratios obtained for other freshwater fishes with high fecundity and heavy mortality in early life stages (Turner et al. 2006) . Based on our preferred estimate of D e and the slope of the regression of genetic versus geographic distances between individuals, we estimated mean dispersal distances (σ) ranging from 0.95 km to 5.21 km. The larger estimate was derived using the ê estimator, which is known to be asymptotically biased when dispersal is limited (Watts et al. 2007) . Dispersal is clearly limited in the present case, and under the conditions recommended by Watts et al. (2007) , that is, neighborhood size (N b ) less than 10 000 in one dimension, the â estimator should provide a better point estimate of dispersal distance. Therefore, estimates of σ derived from the â estimator (0.95 and 1.82 km for Moggill Creek/Gap Creek and Oxley Creek, respectively) are probably our best representation of the scale of dispersal in M. adspersa. Following Buonaccorsi et al. (2004) , if we assume a symmetrical 2-sided exponential dispersal kernel around these mean values, the probability that an individual moves beyond a certain distance can be projected. For example, in the Moggill/Gap system, the probability of individual movement beyond ~1.9 km (i.e., 2σ) is less than 0.25, and beyond ~4.75 km (i.e., 5σ), the probability is less than 0.04. Under this interpretation, the bulk of dispersal distances are probably small relative to the available habitat. An early mark-recapture study conducted on M. adspersa by Boxall et al. (2002) found no significant difference between the numbers of individuals moving upstream and downstream. This suggests that an assumption of symmetrical dispersal may be justified, despite the fact that dispersal is often asymmetrical in river systems. It should also be noted that the â estimator of Rousset (2000) assumes spatial homogeneity within the habitat. This criterion can be difficult to meet, particularly when studying a habitat specialist such as M. adspersa. However, the study area here appeared to be principally composed of prime/satisfactory habitat (excluding the region between the most downstream sites of Oxley Creek and Moggill Creek).
These findings accord with mark-recapture results of Boxall et al. (2002) , who showed that M. adspersa moved as far as 17 pools along a creek line, but individuals were not observed to traverse the full extent of their 1-km study area. Considering the assumptions made and sources of error/ uncertainty involved (including the estimate of D e ), the dispersal distances reported here should not be taken at face value. However, the overall pattern of IBD within each creek system does indicate that effective dispersal is limited to distances much less than the spatial extent of the creek systems inhabited by M. adspersa. To our knowledge, no other estimates of dispersal distance for freshwater fish species based on regression method of Rousset (1997 Rousset ( , 2000 are available for comparison. It would seem that freshwater fishes represent excellent systems for application of these methods owing to their highly linear habitat restrictions and propensity for developing IBD patterns at relatively small spatial scales. The potential for a confounding influence of hierarchical structure on IBD is an important factor to account for in estimating dispersal using this method as the 2 patterns may be difficult to distinguish in freshwater systems (Meirmans 2012b; Hughes et al. 2013) . With recent development in likelihood-based estimates of IBD model parameters , and awareness of appropriate spatial scales of sampling (Broquet and Petit 2009) , future studies may quantify ecologically relevant estimates of dispersal distance in freshwater organisms that have value for conservation and management.
Spatial Limits of Population Units in M. adspersa
Up to 4 populations of M. adspersa could be defined within the study area based on clustering results. One of these (Oxley Creek) was fully diagnosable using both sets of genetic markers and imparted a significant signal of hierarchical genetic structure to the full data set. Partial Mantel tests demonstrated that the remaining 3 populations may all be accommodated within a single IBD model. Their treatment as separate units here is intended only to emphasize the spatial extent of population structure in this system. Oxley Creek represented the first and most genetically distinct population, extending over approximately 11.7 km of stream distance. Sampling downstream of site Q (Figure 1 ) was blocked by privately owned property, so it is possible that this population may extend further in this direction. The second population corresponded to sites C, D, E, F, H, J, and I, which were largely contained within Gap Creek. The Gap Creek population extended approximately 3.68 km but might also continue further upstream. The third population contained within a 5.71-km upstream section of Moggill Creek consisted of sites O, G, K, L, M, N, and P. The fourth population consisted of the single site labeled "A" (Figure 1) .
Given the small spatial scale of this study, a striking amount of genetic differentiation was identified between creek populations that share a connection via the Brisbane River. Analysis of mtDNA revealed no common haplotypes between creek systems flowing into the Brisbane River separated by less than 10 km of channel distance. Microsatellite variation complemented this spatial pattern with the strongest signal of differentiation coincident with the river channel. These findings suggest the Brisbane River presents a significant barrier to dispersal of M. adspersa. This is most likely due to the salinity of the river. A saline environment can isolate freshwater fish populations into upper freshwater tributaries (Beatty et al. 2011) , and although M. adspersa is capable of tolerating slightly elevated salinity levels, abundance has been known to decrease as salinity increases (Morris et al. 2001) . A previous study found that M. adspersa has a 50% acute mortality rate at concentrations of 14 800 mg/L (14.8 ppt) and a 50% chronic mortality rate at concentrations of 17 100 mg/L (17.1 ppt; Jackson and Pierce 1992). In a study on salinity intrusion in the Brisbane River, Tularam and Singh (2009) identified salinity levels of between 5000 and 16 000 mg/L (5-16 ppt) at Indooroopilly, an area that lies between the mouths of Oxley Creek and Moggill Creek. Comparing these figures, it is possible that some regions between the sampled creeks may be impassable for the species. In addition to salinity, other factors restricting movement may include the size and depth of the river channel, and related factors such as flow velocity, and the type and quantity of submerged cover. Mogurnda adspersa is reported to show a clear preference for relatively small, generally shallow creeks, with little/no flow and copious amounts of submerged cover (Pusey et al. 2004 ).
The geographic scale at which contemporary dispersal occurs is difficult to discern from many studies of freshwater organisms because samples from disconnected freshwater creeks may not represent migration-drift balance among connected populations (Broquet and Petit 2009) . Likewise, the geographic scale of sampling in a recent investigation of population genetic structure of M. adspersa in the Pioneer River catchment of central Queensland was aimed at quantifying structure between creeks rather than within creeks (Hughes et al. 2012) . That study showed that contemporary dispersal among populations was absent or very rare at the smallest spatial scale investigated (~10 km). The present study reinforces the conclusion that stream architecture imposes a very strong influence on population subdivision in M. adspersa. Evidence for significant population genetic structuring of freshwater fishes at fine spatial scales similar to those examined in the present study have generally been associated with barriers to dispersal (e.g., waterfalls) and/or adaptation to divergent habitat types (Rico and Turner 2002; Vähä et al. 2007; Tatarenkov et al. 2010; Deagle et al. 2012) . Relative to other Australian freshwater fishes that have been investigated at an appropriately fine spatial scale, M. adspersa exhibits the highest known degree of differentiation between hydrologically connected creeks (Phillips et al. 2009; Cook et al. 2011; Nock et al. 2011; Schmidt et al. 2013) . It is remarkable that a species whose geographic range spans multiple drainage basins and ~2000 km of Australia's east coast has such dramatic fine-scale limits to dispersal, even within connected creeks. Resolving this apparent incongruity is worthy of future investigation.
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